; potentially due to recognition of 139 different cargos (i.e. carboxysomes vs. plasmids). Indeed, many of these McdAB-like proteins were plasmid encoded and were also 140 the sole ParA-type system on these plasmids. Collectively, given that: (i) several of our McdA/B hits were plasmid encoded, suggesting 141 that these proteins might function in plasmid partitioning instead of carboxysome positioning, (ii) only a few homologs were identified 142 among the hundreds of available cyanobacterial genomes, (iii) the McdB-like protein in G. kilaueensis JS1 that we previously showed 143 loaded onto S. elongatus carboxysomes (MacCready et al., 2018) followed a ParA-type ATPase that possessed the signature lysine 144 residue and lacked K151, and (iv) G. kilaueensis JS1 McdAB were encoded within the carboxysome operon, we reasoned that these 145 proteins identified by BLASTp above were not true McdAB carboxysome positioning systems. Therefore, an alternative more rigorous 146
analysis was needed to identify McdAB homologs across cyanobacteria. 147 148
McdA/B Co-occur with Carboxysome Components in Many Cyanobacteria 149 150
The increased availability of genomic data, in combination with targeted bioinformatic analyses, has resulted in a wealth of 151 data suggesting that the vast majority of BMC-related genes tend to form operons with their respective encapsulated enzymes. McdB sequences as the protein product of the open reading frame immediately following these McdA sequences. We note that 159 additional carboxysome-related genes are often located at distant loci from the main ccm (Carbon Concentrating Mechanism) operon 160 ( Figure 1D) To identify additional McdA and McdB proteins among cyanobacteria that did not cluster near carboxysome components, 169
we needed to establish a new criterion to aid our search. To accomplish this, we generated multiple sequence alignments for the 170
McdA and McdB proteins that clustered near carboxysome components to identify highly conserved regions and/or features among 171 these proteins ( Figure S2AB ). Among the 48 McdA proteins, the first notable features we found were that they could range in size 172 from 210-228 amino acids and that each of these proteins possessed the signature lysine residue within the Walker A motif, unlike two additional threonine residues followed the last threonine residue of the Walker A motif ( Figure S2A ). Lastly, two tryptophan 175 residues adjacent to the Walker A' motif (1 -grey cylinder) and three additional regions towards the last half of these proteins (2 -176 coiled-coil, a glutamine-rich region centrally-located within the predicted coiled-coils, and a tryptophan residue within the last 4 185 residues of each sequence ( Figure 1I and Figure S2B ). were found not only among all major taxonomic orders of β-cyanobacteria ( Figure 2B ) but were also found in genomes across all 5 208 major morphologies ( Figure 2C) Figure 2E ). Despite these differences, we found that both types possessed an invariant C-terminal tryptophan 229 ( Figure 2E ). Taken together, these features strongly suggest that two distinct McdAB systems are present among cyanobacteria and 230 that the Type 2 system identified in this study is the most widely conserved. 231 232
A Unique Origin for Type 1 McdAB Systems? 233 234
Since we found that α-cyanobacteria lack McdAB and that Type 1 systems were only present in ~2% of cyanobacteria 235 studied, we next sought to better understand the phylogenetic placement of Type 1 and Type 2 McdAB systems and determine 236 whether the Type 1 McdAB system could have evolved independent of Type 2 systems. To explore this, we generated a Maximum-237
Likelihood tree inferred using a concatenation of the proteins DnaG, RplA, RplB, RplC, RplD and RplE, which have recently been 238
shown to be good-markers for cyanobacterial phylogenetic reconstruction (Hirose et al., 2019). Notably, we found that the Type 2 239
McdAB system was widespread among cyanobacteria including our outgroup taxonomic order Gloeobacterales, considered the "most 240
primitive" order among living cyanobacteria due to a lack of thylakoid membranes ( cyanobacteria, which we found to lack the McdAB system, and shared a common ancestor with four β-cyanobacterial species where 244
we could not identify an McdAB system of either type (Figure 3 ). This was a surprising result that suggested a more recent origin for 245
the Type 1 McdAB system. Our phylogenic inference also suggested multiple independent losses of the McdAB system with no 246 obvious shared characteristics among species (i.e. different taxonomic orders and morphologies) ( Figure 3 ). Together, these results 247 suggest that the Type 2 McdAB system is more ancestral and that Type 1 evolved independently of the Type ( Figure 4H ). Indeed, we found that the mean disorder of McdB proteins was 64%; PONDR predicted that some McdB proteins were 263
as high as 96% disordered ( Figure 4H) . Interestingly, while the consensus sequence for Type 1 McdB's was predicted to be largely 264 ordered in a central region that partially corresponded to a hydrophobic patch and that the bulk of disorder was positioned towards 265 the N-terminal region of the proteins (Figure 4FI) , the consensus sequence for Type 2 McdB's was predicted to possess much greater 266 disorder in the N-and C-terminal extensions from the central coiled-coils and predicted to be ordered in a region that corresponded 267 to the coiled-coils ( Figure 4I ). Collectively, these features were largely responsible for the diversity among McdB proteins. 268
269
McdB Undergoes Liquid-Liquid Phase Separation in vitro 270 271
The both extensions combined was essentially neutral (6.9 ± 1.6) ( Figure 5E ). Intriguingly however, we found that the average isoelectric 319 point of the vast majority of N-and C-terminal extensions were either negatively-or positively-charged ( Figure 5F-G) . Moreover, 320 when looking at Type 2 McdB proteins individually, we found that the vast majority (~68%) had extremely inverted charges distributed 321 between their N-and C-terminal extensions; ~48% had a negatively charged N-terminus and positively charged C-terminus, and ~20% 322 had a positively charged N-terminus and negatively-charged C-terminus ( Figure 5H and Figure S4 ). Roughly 26% of McdB proteins 323 had both extensions share a similar charge with 13% having both positively-charged extensions, and ~13% having both negatively-324 charged extensions ( Figure 5H and Figure S4) . Lastly, only ~6% of McdB proteins had one charged extension and one neutral 325 extension; ~4% had a neutral N-terminus and positively-charged C-terminus and ~2% had a negatively-charged N-terminus and 326 neutral C-terminus ( Figure 5H and Figure S4 ). Together, these results suggest that McdB is a polyampholyte with biphasic charge 327 distributions within intrinsically disordered regions that may contribute to its LLPS activity. 328 329
Discussion 330 331
McdAB systems are widespread among β-cyanobacteria 332 333
Carboxysomes are essential protein-based organelles in cyanobacteria. To ensure that each daughter cell receives an 334 optimum quantity of carboxysomes following cell division, the McdAB system equidistantly positions each carboxysome relative to 335 one another throughout the cell ( Figure 1C ). In our previous study, we were unable to determine how widespread the sequences that clustered near carboxysome components throughout cyanobacteria ( Figure 1E and Table 1) . Given this much larger 343 sample size of McdAB proteins, we were able to identify highly-conserved regions and features that permitted further identification of 344
McdAB sequences that did not cluster near carboxysome components in other cyanobacteria. In total, we identified 248 McdA and 345
285 McdB sequences, showing that the McdAB system is widespread among β-cyanobacteria (Figure 2A) . 346 These results have broader implications for understanding carboxysome positioning in other species. For example, 347 cyanobacteria can display a wide range of morphologies from unicellular to specialized multicellular ( Figure 2C) . While carboxysomes 348 are linearly-spaced or hexagonally-packed along the long axis of rod-shaped S. elongatus cells, our prior modeling suggested that 349
McdAB positioning is influenced by cellular geometry, but still operates within spherical cyanobacterial cells to optimally space 350 carboxysomes from one another ( Figure 7E; MacCready el at., 2018) . Likewise, many heterocystous and ramified cyanobacteria, 351
while appearing filamentous, are a chain of connected smaller cells that individually display more rounded morphologies. Transmission 352 electron micrographs from heterocystous cyanobacteria reveal that the McdAB system likely hexagonally packs carboxysomes 353 (Montgomery et al., 2015) . Therefore, given the ubiquity of McdA/B across these morphologies ( Figure 2C) , an understanding of 354
how this system behaves within these unique cellular geometries is of profound interest. 355
Lastly, we found that a large clade of cyanobacteria on the right side of our phylogenic tree appeared to lack the McdAB 356 system (Figure 3) The McdAB System is not present in α-cyanobacteria 403 404
One of our most striking findings was that the McdAB system was completely absent in α-cyanobacteria. While there are 405 several differences between α-and β-carboxysomes, we expected this difference would largely be reflected in the putative 406 carboxysome interaction domains of McdB proteins. We did not anticipate a complete absence of the system. Even more surprisingly, 407
we found that not just McdA, but the entire ParA family of ATPases were significantly underrepresented among α-cyanobacteria. α-408 cyanobacteria lack plasmids and have small genomes (most Prochlorococcus genomes are smaller than 2 Mb) (Scanlan et al., 2009) . 409 Therefore, one explanation for the lack of ParA-type ATPases is that many canonical partitioning systems cannot function in α-410 cyanobacteria. Also, the absence of plasmids in a-cyanobacteria limits one of the sources of horizontal gene transfer for inheriting the 411
McdAB system. 412
Alternative positioning mechanisms may exist for α-carboxysomes in α-cyanobacteria. For example, α-carboxysomes are 413 known to tightly interact with polyphosphate bodies (Iancu et al., 2009 ). If polyphosphate bodies are strategically positioned in α-414 cyanobacteria, and α-carboxysomes tightly interact with these structures, this interaction would provide a "pilot-fish" mechanism by 415 which both are equidistantly positioned throughout cells prior to cell division; making Since the Type 2 system was present at the earliest known point of cyanobacterial evolution, it is not clear why the Type 1 440 system would have had a selective advantage over the Type 2 system, presumably present in the ancestors of S. elongatus. It is also 441
interesting that we were unable to identify the McdAB system in several modern cousins of S. elongatus (Figure 3 ). An alternative 442 hypothesis could be that this clade of b-cyanobacteria (which now includes modern S. elongatus) lost the Type 2 system, similar to 443 the b-cyanobacterial clades found on the right side of our tree, and that S. elongatus then acquired the Type 1 system. As more 444 cyanobacterial genomes are sequenced, how the Type 1 McdAB system evolved will become more apparent. 445 446
McdB is a phase separating protein 447 448
Our The pyrenoid does not have a protein shell, but serves as the functional equivalent to carboxysomes in eukaryotic algae. One study 457 of the pyrenoid showed that its RuBisCO matrix also exhibits liquid-like properties when interacting with the intrinsically disordered 458 protein EPYC1 in Chlamydomonas reinhardtii (Freeman Rosenzweig et al., 2017) . Collectively, these studies suggest that LLPS is 459 a common feature underlying the formation of a RuBisCO matrix through interactions with intrinsically disordered proteins. Given that 460
McdB is also an intrinsically disordered protein that undergoes LLPS ( Figure 5BCD Figure 5B ) and undergo LLPS 471 at or near acidic carboxysomes (pH ≤ 7.5) ( Figure 5B) Figure 4) . When 502
analyzing the multivalent properties of McdB proteins, we found that the vast majority were polyampholytes with biphasic charge 503 distributions between their N-and C-terminal extensions flanking the coiled-coil domain ( Figure 5H and Figure S4 ). The reason for 504 such a shared feature is not obvious. While genetic drift possibly accounts for the intrinsic disorder and lack of primary sequence 505 conservation among McdB proteins, it is unlikely that genetic drift alone could account for the patterned charge distributions. Indeed, 506
given interesting avenues of future investigation. 513 514 mcdA and mcdB genes often cluster with the minor carboxysome shell genes ccmK3 and ccmK4 515 516
Of the mcdA and mcdB genes we found near carboxysome components, the majority clustered near the minor shell genes 517 ccmK3 and ccmK4 ( Figure 1E and 2A) ; two shell genes often found together, but at a different locus than the carboxysome operon 518 (Sommer at al., 2017) . The finding is consistent with our prior results showing that McdB interacts with CcmK3 and CcmK4 in a 519 bacterial two-hybrid system ( Figure 3F: MacCready et al., 2018) . Moreover, carboxysomes have been shown to cluster following the 520 deletion of CcmK3 and CcmK4 in a manner that is reminiscent of carboxysome aggregation in our ∆mcdB strain 888  889  890  891  892  893  894  895  896  897  898  899  900  901  902  903  904  905 
